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We have explored the critical metal-insulator phenomena for pyrochlore-type R2Ir2O7, in which
electron correlation strength and magnetic configuration are systematically controlled by varying
the average rare-earth ionic radius (R=Nd1−xPrx and SmyNd1−y), external pressure, and magnetic
field. Metal-insulator transitions in bulk are caused by increasing x or tuning external pressure,
indicating that the effective electron correlation is responsible for the transition. The metallic state
intervenes between the paramagnetic insulating and antiferromagnetically ordered insulating phases
for (SmyNd1−y)2Ir2O7 (y=0.7-0.9), reminiscent of the first-order Mott transition. Furthermore, the
metal-to-insulator crossover is observed (around y=0.7) for the charge transport on magnetic domain
walls in the insulating bulk. An application of magnetic field also drives metal-insulator transitions
for (Nd1−xPrx)2Ir2O7 in which a variety of exotic topological quantum states are potentially realized.
PACS numbers: 71.30.+h, 72.80.Ga, 74.62.-c, 74.62.Dh
Strong electron correlation in materials often generates
intriguing electronic phase diagrams in which the balance
among various competing phases can be tuned through
parameters such as chemical doping, pressure, and mag-
netic field[1, 2]. Recently, the interplay between effective
electron correlation (U) and relativistic spin-orbit cou-
pling (SOC) has stimulated considerable interest as an
important origin for novel electronic/magnetic phases[3].
For instance, in a family of 5d oxides where the energy
scale of U is comparable to the SOC energy and the
band width of Jeff = 1/2 state, many unconventional
properties have been increasingly discovered such as rel-
ativistic Mott insulator[4, 5], novel spin-orbit exciton[6–
8], and unique magnetisms accompanying Kitaev-type
anisotropic interaction[9–12].
Among them, pyrochlore-type R2Ir2O7 (RIO), which
consist of the corner-linked rare-earth R ions and Ir
tetrahedra as shown in Fig. 1 (a)[13], are suggested to
host emergent topological quantum states including Weyl
semimetal and topological Mott insulator in the vicinity
of metal-insulator transition (MIT)[3, 14–22]. RIO pro-
vides an ideal platform to study the interplay between U
and SOC since we can systematically tune U with chang-
ing ionic radius of R-ion (r). In reality, RIO exhibit MIT
by varying R ions; the Pr2Ir2O7, which is characterized
by the largest r among the family of RIO, is a param-
agnetic metal down to 0.12 K[23], whereas others with
relatively small R ionic radii display thermally-induced
MIT concomitant with all-in all-out (AIAO) type anti-
ferromagnetic order (see the middle panel of Fig. 1 (a))
below TN or otherwise remain insulating over the whole
temperature T region [24–26]. The Pr2Ir2O7 shows un-
conventional magnetotransport phenomena possibly re-
flecting its characteristic band dispersion in k-space[27–
29]. For the second largest R=Nd compound Nd2Ir2O7,
unique properties such as anomalous ω-linear optical con-
ductivity spectra[30] and large magnetoresistance[31–33]
are discerned below TN. In particular, the anomalous
metallic conduction is observed on antiferromagnetic do-
main walls (DWs) embedded in the fully-gapped insu-
lating bulk[33]. Furthermore, the magnetic field-induced
transition occurs from the AIAO insulator to the 2-in 2-
out (see the right panel of Fig. 1 (a)) semimetal, likely
associated with the altered topological nature of Ir-5d
band structure[34]. These findings indicate that the co-
operation between U and SOC on the boundary of MIT
in RIO may potentially give rise to abundant emergent
quantum states; to unravel them it is necessary to con-
trol U more finely and precisely in the MIT critical region
than in previous studies.
In this study, we have investigated the trans-
port properties for well-amalgamated polycrystals of
(SmyNd1−y)2Ir2O7 and (Nd1−xPrx)2Ir2O7 combined
with application of external pressure and magnetic field.
Application of external pressure is a well-known way to
tune U without introducing disorders. On the other
hand, the chemical substitution enables us not only to
control U quite precisely (“chemical” pressure effect) but
also to employ various experimental techniques includ-
ing magnetization and magneto-transport measurements.
Indeed, the relationship between the one-electron band
width and the average size (r) of rare-earth ions has been
well established not only for perovskites[1, 2], but also for
pyrochlores[13, 24, 35]. Moreover, the magnetic charac-
ters of Pr-4f electrons are similar to those of Nd-4f ones;
the Pr(Nd)-4f magnetic moment is ∼ 2.68µB/Pr[38]
(∼ 2.37µB/Nd[25]) and the f -d exchange interaction en-
ergy are comparable for R=Pr[23] and R=Nd[25, 30].
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FIG. 1: (color online) (a) Pyrochlore lattice structure com-
posed of Ir and rare-earth ion (R) tetrahedrons (left panel),
and the all-in all-out (middle panel) and the 2-in 2-out (right
panel) magnetic ordered configurations. (b) Lattice constant
as a function of R ionic radius for (SmyNd1−y)2Ir2O7 and
(Nd1−xPrx)2Ir2O7. (c) Hydrostatic pressure dependence of
magnetic ordering or equivalently the metal-insulator tran-
sition temperature for Nd2Ir2O7 (x=0) in comparison with
the chemical pressure dependence via varying the composi-
tion x in (Nd1−xPrx)2Ir2O7. (d) Temperature dependence of
resistivity for several compounds of (Nd1−xPrx)2Ir2O7. (e)
Temperature dependence of resistivity for R=Nd at several
hydrostatic pressures. All resistivity curves in (d) and (e)
were measured after zero-field cooling (untrained state).
Therefore, the present mixed-crystal systems provide an
ideal system to study the magnetic properties as well
as the band-width control effect. We have found that
the compounds of y=0.7-0.9 exhibit the insulator-metal-
insulator transition reminiscent of first-order Mott tran-
sition. Around there, the metal-to-insulator crossover on
magnetic DWs is discerned, implying that the electronic
state on DWs are intimately related to the bulk state. In
addition, large magnetoresistance is observed for x >0.4,
attributable to magnetic field-induced phase transitions
among a variety of topological quantum states.
The polycrystalline samples (SmyNd1−y)2Ir2O7 and
(Nd1−xPrx)2Ir2O7 were prepared by solid-state high-
pressure synthesis as described in Ref.[30]. The high-
pressure synthesis, while keeping the stoichiometry cru-
cial for RIO[36], provides the high-quality samples which
allows us to study the systematic R-substitution effect.
As shown in Fig. 1 (b), the change of the lattice constant
with varying r or chemical pressure follows the Vegard’s
law.
Figure 1 (d) exhibits the temperature (T ) de-
pendence of resistivity for several compounds of
(Nd1−xPrx)2Ir2O7, all of which were measured under
zero magnetic field (untrained state). Although the ob-
served resistivity at low T below TN includes the con-
tributions from both DWs and bulk itself, we can dis-
cuss the properties of the bulk because the resistivity of
untrained state is nearly scaled with the bulk resistiv-
ity (trained state)[33]. The insulating phase below TN is
systematically suppressed with increasing the Pr-ion pop-
ulation x, and the transition disappears around x=0.8
with no resistivity upturn down to 2 K. We also mea-
sured the T dependence of resistivity for Nd2Ir2O7 under
several hydrostatic pressures as shown in Fig. 1 (e) by
employing the cubic anvil cell[37]. Similarly to the chem-
ical pressure effect, the sharp increase of resistivity below
TN is gradually suppressed as pressure increases, and the
transition is no longer observable down to 3 K beyond 7
GPa, in accord with the reported result in ref.[39]. To
compare the effect between chemical substitution and ex-
ternal pressure, we plot the TN which can be determined
by the sharp increase of resistivity[40] as a function of
pressure and x in Fig. 1 (c). The TN appears to de-
crease monotonically with increasing pressure (∆P ) and
increasing x (∆x), well scaled to each other; ∆P ∼ 0.7
GPa corresponds to ∆x ∼ 0.1. We note that the physical
pressure is somewhat different from the chemical pres-
sure; the larger R atomic size increases both the Ir-O-Ir
bond angle and length[41, 42] whereas the pressure sub-
stantially decreases the latter[43]. One might expect that
these differences should induce the different modulation
of some parameters such as direct Ir-Ir hopping[18, 19].
Nevertheless, the observed resistivity curve with chang-
ing chemical substitution shows a well parallel behavior
with that with tuning external pressure; thus the U may
be responsible for the electronic transport properties in
the range of r discussed in the present paper.
In this context, R-solid-solution compounds are quite
suitable for systematic study of bandwidth control ef-
fect on R2Ir2O7. The T dependence of resistivity of
trained state (14 T-field cooled) for (SmyNd1−y)2Ir2O7
(0 < y < 1) are presented in Figs. 2 (a) and 2 (b). At
high T , the resistivity for y=0-0.6 decreases with lower-
ing T (dρ/dT > 0), whereas it shows rather thermally-
activated behavior (dρ/dT < 0) for y=0.9-1. The resis-
tivity for each y significantly increases below TN which
systematically shifts to higher T as y increases. Non-
monotonous T dependence of resistivity is discernible es-
pecially for y=0.8. The resistivity slightly increases with
lowering T in a high T region, then abruptly decreases
by one order of magnitude below 150 K, and eventu-
ally diverges accompanying AIAO magnetic order below
TN=106 K. This is reminiscent of the transitions among
a paramagnetic Mott insulator, a correlated metal and
an antiferromagnetic insulator as sometimes observed in
strongly correlated systems[44], although the clear first-
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FIG. 2: (color online). (a) Temperature dependence of resis-
tivity for (SmyNd1−y)2Ir2O7, and (b) its enlarged view in the
temperature range from 0 K to 200 K. (c) Temperature de-
pendence of resistivity for (Nd1−xPrx)2Ir2O7. The solid lines
are resistivity of trained state measured at 0 T on warming
run after 14 T-field cooling and the broken ones are that of
untrained state measured after zero-field cooling. The inset
shows the magnetic field dependence of resistivity for several
compositions. Starting from the zero field-cooled (untrained)
state, these curves were measured for increasing and decreas-
ing magnetic field scans as shown by arrows.
order nature accompanying T hysteresis is not discerned
apart from the sharp change of resistivity in the present
system. Since the similar reduction of resistivity in an
intermediate T region was also observed in the study on
pressure effect for R=Eu[40], the observed paramagnetic
insulator-metal transition can be attributed neither to
the increased disorder nor to the phase separation.
Figure 2 (c) displays the T dependence of resistivity for
(Nd1−xPrx)2Ir2O7. The resistivity for x=0-0.7 conspicu-
ously increases below respective TN. Importantly, all the
AIAO insulators of (Nd1−xPrx)2Ir2O7 show the differ-
ence of resistivity between the trained (14 T-magnetic-
field cooled) and untrained (zero-field cooled) states at-
tributable to the existence of metallic state on the AIAO
DWs[33, 34]. The realization of metallic DWs is mani-
fested also by the magnetic field dependence of resistiv-
ity shown in the inset of Fig. 2 (c); irreversible behav-
iors of resistivity between field increasing and decreasing
scans starting from the untrained states are due to the
field alignment of the AIAO-type magnetic domain. The
critical field for such elimination of DWs decreases as
x increases, indicating the gradual decline of magnetic
anisotropic energy.
The r vs. T phase diagram for (SmyNd1−y)2Ir2O7
and (Nd1−xPrx)2Ir2O7 based on the transport results
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FIG. 3: (color online). (a) Contour map in the plane
of R ionic radius (r) and temperature for resistivity in
(SmyNd1−y)2Ir2O7 and (Nd1−xPrx)2Ir2O7 by the interpola-
tion of the experimental data shown in Fig. 2. Dots denote
the transition temperature. PM, PI, and AFI stand for the
paramagnetic metal, paramagnetic insulator, and antiferro-
magnetic insulator phase, respectively. The broken line as
the border of PI and PM is the guide to the eyes. (b) The
ratio of resistivity between trained (ρt) and untrained (ρut)
state as a function of R ionic radius.
(Figs. 1 and 2) is shown in Fig. 3 (a). Metallic state
with no magnetic order is apparent down to 2 K for
large r (Pr-rich regime; x > 0.8), whereas others ex-
hibit thermal transitions from paramagnetic metal (PM,
dρ/dT > 0) or paramagnetic insulator (PI, dρ/dT < 0)
to antiferrromagnetic insulator (AFI) below TN. In par-
ticular, for (SmyNd1−y)2Ir2O7 (0.6 < y < 0.8) the reen-
trant insulator-metal-insulator transition is observed as
argued above. TN increases rapidly with the decline of
r in the range from 1.121 A˚(x=0.7) to 1.079 A˚(y=1).
This indicates that the TN is intimately linked to the
U which changes almost linearly with varying r in the
pyrochlore oxides, being consistent with the theoretical
prediction[19].
We have also plotted the ratio of resistivity of trained
to untrained state (ρt/ρut) as a function of r in Fig. 3 (b).
The ρt/ρut can be regarded as the ratio of conductance
between DWs and bulk on the basis of a simple picture of
parallel circuit[33]. The ρt/ρut markedly increases with
decreasing r and reaches maximum at Nd2Ir2O7 likely
due to the smaller value of bulk conductivity. Subse-
quently, it decreases significantly as r decreases, implying
that the conductance of DWs decreases with increasing
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FIG. 4: (color online). Temperature dependence of resistivity
under several magnetic fields for (a) x=0, 0.2 and (b) x=0.5,
0.6 in (Nd1−xPrx)2Ir2O7. (c) Contour plots of resistivity on
the R ionic radius versus temperature plane for several mag-
netic fields (from left to right: 0, 5, 8, and 14 T). The dots
connected with broken lines common to all the figures in (c)
represent the metal-insulator phase boundary at zero field.
U . It is noteworthy that the ρt/ρut becomes less than
1 for y > 0.7, indicating that the presence of DWs does
not assist but rather disrupt the charge current. In other
words, the electronic state on DWs turns from metal-
lic to insulating around y ∼ 0.7 which is close to the
crossover region between PM and PI in the bulk. To
obtain insight about the observed MIT on DWs, it is im-
portant to consider the bulk state. Weyl semimetal with
the AIAO magnetic order breaking time-reversal symme-
try is predicted to exist in the narrow region right below
TN; each Weyl point approaches rapidly each other in
k-space and vanishes with slight increase of magnetic or-
der parameter[18, 19, 21]. Once Weyl fermions appear,
however, they can imprint metallic Fermi arc states on
DWs which may host the observed DW conduction[21].
In this regard, the observed MIT on DWs around y ∼0.7
has important implications for the bulk electronic state;
for example, Weyl semimetal state may not show up be-
tween PI and AFI for the stronger electron correlation
such as y >0.7.
We now turn to the detailed transport properties
of (Nd1−xPrx)2Ir2O7 locating near the metal-insulator
boundary. Figures 4 (a) and (b) show the T dependence
of resistivity under applied magnetic fields for several
compositions. For Nd-rich compositions (x=0, 0.2) in
Fig. 4 (a), the magnetoresistance is rather small even in
the field of 14 T. On the other hand, for x=0.5 or 0.6
in Fig. 4 (b), the resistivity significantly decreases with
increasing field and the anomaly at TN completely disap-
pears in a sufficient large field. The large magnetoresis-
tance is presumably attributed to the MIT with change of
the magnetic configuration, as previously shown for sin-
gle crystal of Nd2Ir2O7 (x=0)[34]. Figure 4 (c) displays
the contour plots of resistivity in the range of x=0.4-1.0
for several magnetic fields. The AFI phase is gradually
suppressed and turns into the metallic one with increas-
ing magnetic field for x > 0.4, whereas the resistivity re-
mains rather insulating for x < 0.3 as shown in Fig. 4 (a).
According to the predicted phase diagram for the mag-
netic structural change from AIAO to 2-in 2-out state, as
derived by mean-field theory [34], the compositions for
x > 0.4 can access to the metallic state with large den-
sity of states (DOS) at Fermi level (EF) by applying mag-
netic field, whereas others remain in the barely-insulating
or semimetallic state with vanishingly-small DOS at EF.
Interestingly, the calculation demonstrates that there
should be a number of novel electronic and magnetic
phases such as Weyl metal and nodal semimetal below
the critical correlation strength[34], that corresponds to
x ∼ 0.4 in the present system. The observed insulator to
metal transition in the range from x=0.4 to x=0.7 may
be consequences of such phase changes. We note that
the present magnetotransport properties are observed in
polycrystals composed of microcrystal grains of ∼ 5 µm
in size in which the bulk nature with well-stoichiometric
composition (i.e. half-filling) is preserved but the crys-
talline axes are randomized with respect to the magnetic
field directions; therefore the transport properties are af-
fected by the mixed contributions from the 3-in 1-out
and 2-in 2-out states, each of which may induce Weyl
(semi-)metal and nodal semimetal, respectively[34]. Fur-
ther studies on the anisotropic magnetotransport are re-
quired to elucidate the electronic ground state separably
for each magnetic configuration.
In conclusion, we have investigated the charge trans-
port properties related to the metal-insulator transitions
for (SmyNd1−y)2Ir2O7 and (Nd1−xPrx)2Ir2O7 polycrys-
tals where the effective electron correlation is finely
controlled. The paramagnetic metal-insulator crossover
shows up around y=0.8 accompanying the insulator-
metal-insulator reentrant transition. Around there, the
electronic state on the magnetic domain walls turns from
metal to insulator. Large magnetoresistance is observed
for (Nd1−xPrx)2Ir2O7 with 0.4 < x < 0.7 near the zero-
field phase boundary between the antiferromagnetic in-
sulator and the paramagnetic semimetal, pointing to the
magnetic field-induced metal-insulator transition, in the
course of which novel topological quantum states are ex-
pected to emerge.
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